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[1] The cooling of electrons in collisions with carbon dioxide in the atmospheres of Venus
and Mars is investigated. Calculations are performed with both previously accepted
electron energy transfer rates and with new ones determined using more recent theoretical
and experimental cross sections for electron impact on CO2. Emulation of a previous
model for Venus confirms the validity of the current model and shows that use of the
updated cross sections leads to cooling rates that are lower by one third. Application of the
same model to the atmosphere of Mars gives more than double the previous cooling rates
at altitudes where the electron temperature is very low.
Citation: Campbell, L., M. J. Brunger, and T. N. Rescigno (2008), Carbon dioxide electron cooling rates in the atmospheres of Mars
and Venus, J. Geophys. Res., 113, E08008, doi:10.1029/2008JE003099.
1. Introduction
[2] Free electrons in planetary atmospheres collide with
molecules, producing vibrational excitation. The excitation
energy can then be lost by radiative decay, with the emitted
infrared radiation removing energy from the atmosphere.
[3] Electron cooling by electron impact excitation of carbon
dioxide was identified [Morrison and Greene, 1978] as an
important energy transfer process in the Martian atmosphere,
and probably important for Venus. Morrison and Greene
[1978] calculated electron energy loss rates, elsewhere named
electron energy transfer rates [Pavlov, 1998], these being the
rates of energy loss per unit electron and molecule density.
These loss rates were calculated as a function of electron
temperature and have been used as a parameter in modeling of
the ionosphere of Venus [Strangeway, 1996].
[4] In the past few years new measurements and theoret-
ical calculations of electron impact on CO2 have been made.
There are also much more data characterizing the atmos-
pheres of Mars and Venus than were available in 1978.
Hence it is timely to repeat the calculations ofMorrison and
Greene [1978] and consider the implications for modeling
of energy transfer in the atmospheres of Mars and Venus.
[5] In this work the recent experimental and theoretical
cross sections for electron impact excitation of 7 vibrational
modes of CO2 are considered and an optimum set is
assembled. The electron energy transfer rates are calculated
for this set and compared with those predicted by Morrison
and Greene [1978]. The available measurements of the
relevant atmospheric parameters of Mars and Venus are
considered and particular sets chosen. The electron cooling
rates (for excitation from the ground level of CO2) are
calculated for Venus and compared with those of a previous
model, verifying the method of calculation. It is found that
the cooling rates are lower (33%) when the updated cross
section set is used. The same procedure applied for the
atmosphere of Mars shows that, at altitudes where the
electron temperature is very low, the cooling rates are
substantially greater when the updated cross section set is
used. This may provide an explanation as to why models of
the Martian atmosphere overestimate the neutral tempera-
ture in the altitude range 100–130 km.
2. Electron Impact Cross Sections
[6] The initial calculations of CO2 electron energy loss
rates [Morrison and Greene, 1978] were based on integral
cross sections deduced from swarm measurements. In the
current work we have assembled a set of integral cross
sections based on crossed-beam measurements and recent
theoretical calculations.
2.1. Measured Cross Sections
[7] A recommended set of integral cross sections (ICSs)
for electron impact excitation of the (000), (010), (100) and
(001) modes in carbon dioxide was presented in a review of
earlier measurements [Brunger et al., 2003]. Differential
cross sections (DCSs) for electron impact excitation of the
(010), (100), (001) and (020) vibrational modes were
measured in a crossed-beam experiment for 1.5–30-eV
electrons [Kitajima et al., 2001]. The energy dependence
of the absolute DCSs (at scattering angle 135) for the
Fermi dyad [(100), (020)] [Allan, 2001] and the (000), (001)
and (101) modes [Allan, 2002] and relative DCSs (at 90)
for the Fermi triad [(200) + (120) + (040)] [Allan, 2002] was
measured with an electron spectrometer that allows the
threshold peaks at low electron energies to be seen.
2.2. Theoretical Cross Sections
[8] In a fully ab initio study, McCurdy et al. [2003] used
the complex Kohn variational method to predict ICSs for
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electron-impact excitation of the components of the Fermi
dyad [modes (100) and (020)] and of the Fermi triad [(200),
(120) and (040)] in CO2.
2.3. Cross-Section Database
[9] We have combined the measured and calculated cross
sections to produce an optimum set of integral cross
sections for the calculations that follow. A phase-shift
analysis [Campbell et al., 2001] was used to determine
the ICSs from the measured DCSs of Kitajima et al. [2001].
These ICSs are supplemented with values at some energies
from the set of Brunger et al. [2003]. The excitation
functions of Allan were scaled by 4p, except for the (200)
mode as noted below, to produce estimated ICSs. Values
from these various sources were combined as also explained
below for each vibrational mode. The algorithms imple-
menting the combination are given in Table 1 and the
resulting ‘‘optimum’’ set of ICSs is shown in Figure 1.
Also shown in Figure 1 are the cross sections of Bulos and
Phelps [1976] which were used in the earlier calculations
[Morrison and Greene, 1978] of electron energy loss rates.
2.3.1. (000)
[10] The ICSs for elastic collisions are presented for
completeness. They do not lead to energy loss via subse-
quent radiative decay and have a much smaller cooling
effect than vibrational excitation [Strangeway, 1996], so
they are not included in the calculations to follow. The
values of Brunger et al. [2003] are used, except for the
threshold peak where the scaled values of Allan are
employed.
2.3.2. (100)
[11] The current ICSs derived from the DCSs of Kitajima
et al. [2001] plus the 10-eV ICS of Brunger et al. [2003] are
used, except for the threshold peak and the peak around
3.5 eV, where the FRII component of the Fermi dyad
measured by Allan is employed.
2.3.3. (020)
[12] For the peak around 4 eV the ICSs of McCurdy et al.
[2003] are preferred, while the ICSs derived from the DCSs
of Kitajima et al. [2001] are used for lower and higher
energies. At lower energies the ICS of McCurdy et al.
[2003] rises with decreasing energy in a way that is not
supported by the measurements, and at higher energies the
theoretical values are zero while the measured values are
non-zero. Under these circumstances the measured values
are used in these cases.
2.3.4. (200)
[13] The threshold peak of Allan is added to the predic-
tions of McCurdy et al. [2003], with the values of Allan
scaled to match the ICS of McCurdy et al. [2003] at 2 eV.
2.3.5. (120), (040)
[14] The calculated values ofMcCurdy et al. [2003] are used.
2.3.6. (001)
[15] The ICSs derived from the DCSs of Kitajima et al.
[2001] are combined with the threshold peak measured by
Allan.
Table 1. Algorithms for Combination of Cross Sections in Various Energy Rangesa
Mode
Impact energy (eV)
<0.3 0.3–0.5 0.5–2.0 2.0–3.0 3.0–4.7 >4.7
(000) Allan max[Allan, Brunger] Brunger
(100) Allan max[Allan, DK + Brunger(10 eV)]
(020) min[McCurdy, DK] McCurdy max[McCurdy, DK]
(200) max[Allan (scaled to McCurdy at 2.0 eV), McCurdy]
(120) McCurdy
(040) McCurdy
(001) Allan max[Allan, DK]
(010) Allan max[Allan, DK + Brunger(3.6, 10, 20 eV)]
a‘‘DK’’ represents current ICSs derived from measured DCSs of Kitajima et al. [2001], and ‘‘+ Brunger(list eV)’’ indicates
addition of the ICSs at the energies in list from the review [Brunger et al., 2003]. Underlining indicates linear interpolation to
or extrapolation from the discrete values. min[] and max[] represent the minimum and maximum of the ICSs from the sources
in brackets. ‘‘Allan’’ represents excitation functions of Allan [2002] scaled by 4p and ‘‘McCurdy’’ the theoretical ICSs of
McCurdy et al. [2003].
Figure 1. Integral cross sections for electron impact on
CO2 as a function of electron energy for elastic collisions
(000) and seven vibrational modes (as labeled), in the
updated set (—) and earlier swarm measurements [Bulos
and Phelps, 1976] (--).
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2.3.7. (010)
[16] The ICSs derived from the DCSs of Kitajima et al.
[2001] are combined with the ICSs at 3.6, 10 and 20 eV of
Brunger et al. [2003] and with the threshold peak of Allan.
3. Electron Energy Transfer Rates
[17] The electron energy transfer rates Q0n are calculated
as a function of electron temperature Te using the formula-
tion of Pavlov [1998]:
Q0n ¼ En 8kTe pmeð Þ1
n o0:5 Z 1
0
s0n xð Þx exp xð Þdx ð1Þ
where x = E(kTe)
1, E is the electron energy, En is the
energy of mode n, s0n is the ICS for excitation from the
ground level to mode n, k is Boltzmann’s constant and me is
the mass of the electron.
[18] Electron energy transfer rates for the seven vibrational
modes listed in section 2, calculated using equation (1), are
plotted as a function of Te in Figure 2, along with the sum for
the seven modes. At low temperatures the main contributions
to the energy transfer rates are for the modes (001), (100),
(010) and (200), which is expected as these have threshold
peaks which are excited by the low-energy electrons which
predominate at low temperatures.
[19] These rates are compared with those of the previous
calculations [Morrison and Greene, 1978] in Figure 3. The
individual components of the Fermi dyad and triad were not
available to Morrison and Greene [1978], so to make a
comparison the current ICSs for each of the dyad and triad
have been combined. The differences between the current
and the previous rates are:
[20] 1. at higher temperatures, the rates using the current
ICSs are substantially smaller for the (010) and (001) modes
and for the dyad;
[21] 2. at temperatures below 4000 K, the rates using the
current ICSs are substantially larger for the Fermi triad;
[22] 3. at low temperatures, the current rates are higher for
all modes, although the difference is not as great for the
(001) mode;
[23] 4. the sum of the current rates is higher at the low
temperatures (<600 K) and lower for higher temperatures.
4. Atmospheric Parameters
[24] To calculate electron cooling by excitation from the
ground state of carbon dioxide in an atmosphere, the
required parameters are the electron temperature and density
and the density of carbon dioxide. Optimum sets of these
parameters were drawn together in this work from the
available measurements, with some theoretical values used
where measurements are not available. Since the publication
of Morrison and Greene [1978], there has been further
analysis of the 1976 Viking observations of the atmosphere
of Mars, as well as new observations of both Venus and
Mars by orbiting spacecraft.
[25] We assume a Maxwellian distribution of thermal
electrons for consistency with the calculations of Morrison
and Greene [1978]. This assumption is consistent with
measurements for the Martian atmosphere: Hanson and
Figure 2. Calculated electron energy transfer rates for the
seven vibrational modes and for their sum, as a function of
electron temperature.
Figure 3. Comparison of present electron energy transfer
rates (as labeled) with previous calculations [Morrison and
Greene, 1978] (as labeled with prefix ‘‘MG’’). Note that
‘‘(200 + . . .)’’ represents ‘‘(200 + 120 + 040)’’ and that the
‘‘sum’’ in both panels is the sum for all 7 modes.
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Mantas [1988] presented evidence that most of the free
electrons are in a Maxwellian thermal distribution.
4.1. Atmospheric Parameters for Venus
[26] Densities of CO2 in the atmosphere of Venus were
measured by Pioneer Venus in 1978–1980 and again, over a
larger height range, during its re-entry phase in 1992
[Kasprzak et al., 1993]. Kasprzak et al. [1993] fit predic-
tions of a model called ‘‘VTS3’’ to the measurements, and
we use these fitted values in the calculations that follow.
[27] Measurements of the electron density and tempera-
ture were made by Pioneer Venus in 1978 [Miller et al.,
1980]. These do not cover the altitude range 100–150 km
of the previous calculations [Strangeway, 1996] of electron
cooling rates, so the values of electron density and temper-
ature calculated in the model of Strangeway [1996] are used
here. The measurements and the calculated nighttime values
of Strangeway for electron density and temperature are
shown in Figures 4 and 5, respectively, together with
functions fitted to the combination that are used in the
current work. The figures show that the calculated values of
Strangeway and the measurements at night (i.e., solar zenith
angle = 150–180) are not inconsistent, in that a function
with a reasonable shape can fit to both.
4.2. Atmospheric Parameters for Mars
[28] Electron densities and temperatures and densities of
CO2 in the atmosphere of Mars were measured in situ by the
Viking landers during descent in 1976. As the electron data
for Viking 2 were unsatisfactory [Hanson and Mantas,
1988], the current calculations neglect the Viking 2 meas-
urements for CO2 density and only use data from Viking 1,
to have a consistent set of measurements.
[29] The CO2 densities used here are from a fit [Nier and
McElroy, 1977] to the Viking 1 data:
½CO2	 ¼ 10:015:9300:042696z ð2Þ
where [CO2] is the density (cm
3) of CO2 at height z (km).
[30] The Viking 1 measurements of electron density
[Hanson and Mantas, 1988] are shown in Figure 6 for the
altitude range 138–393 km. More recently profiles of
electron densities have been measured remotely by the Mars
Global Surveyor [Martinis et al., 2003] for 100–200 km.
The maximum and minimum values are shown in Figure 6.
In the current work a fit to all these measurements is made,
shown by the solid line in Figure 6.
[31] Electron temperatures deduced by Hanson and
Mantas from the Viking 1 data are plotted in Figure 7 for
the altitude range 207–329 km. In the absence of measure-
ments at lower altitudes, we use a calculated electron
temperature profile [Choi et al., 1998] that best matches
the Viking measurements. Figure 6 also includes measure-
ments and calculations of the neutral temperature, which will
be referred to in later discussion.
5. Electron Cooling Rates
[32] The electron cooling rate L due to electron impact
excitation of ground-state CO2 in an atmosphere is calcu-
lated here as
L ¼ Ne CO2 0ð Þ½ 	
X7
n¼1
Q0n ð3Þ
where Ne is the electron density, [CO2(0)] is the ground-
state CO2 density and n = 1–7 represents the 7 vibrational
Figure 4. Measurements of electron density in the atmo-
sphere of Venus for various ranges of solar zenith angle
(SZA), Strangeway’s [1996] nighttime model (—) and the
current fit to the nighttime values (- - -).
Figure 5. Measurements of electron temperature in the
atmosphere of Venus for various ranges of solar zenith angle
(SZA), Strangeway’s [1996] nighttime model (—) and the
current fit to the nighttime values (- - -).
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modes outlined above. Electron cooling rates in the atmo-
sphere of Venus were calculated previously [Strangeway,
1996] using the electron energy loss rates given byMorrison
and Greene [1978]. Strangeway’s [1996] calculations are
emulated here to verify the current model, then repeated
using the new cross sections. The same model is then applied
for the atmosphere of Mars.
5.1. Cooling Rates for Venus
[33] Strangeway [1996] calculated the cooling rates due
to vibrational excitation of CO2 for a ‘‘typical nightside
ionosphere’’. These [from Strangeway, 1996, Figure 6] are
labeled as ‘‘Strangeway graph’’ in Figure 8. Evaluation of a
formula [Strangeway, 1996, equation (A3)] for the iono-
spheric parameters quoted for Strangeway’s figure 6 gives
the results labeled as ‘‘Strangeway formula’’ in Figure 8. As
both the ionospheric parameters and the ‘‘Strangeway
graph’’ are digitized from graphs with logarithmic scales,
the discrepancies between the graph and the formula may be
due to the cumulative effects of digitization errors.
[34] The ionospheric parameters from Strangeway [1996,
Figure 6] and the electron energy loss rates of Morrison and
Greene [1978] are used in the current model, giving the
cooling rates labeled ‘‘Morrison and Greene’’ in Figure 8.
These values are close to those of Strangeway’s formula for
altitudes above 131 km, and very close to Strangeway’s
curve in figure 6 below 129 km. This does not lead to an
explanation for the discrepancies between Strangeway’s
graph and formula, but it does verify the current method
of calculating the cooling rates, in as much as the current
results are close to one case or the other in the results of
Strangeway.
[35] The current model is now applied using the electron
energy transfer rates determined from the new cross section
set, giving the cooling rates labeled ‘‘New cross sections’’
Figure 7. For Mars, measurements of electron (
) and
neutral (&) temperatures by Viking 1, measurements of
neutral temperatures made by Mars Express (—), electron
temperatures calculated by Choi et al. [1998] (-  -  -), and
neutral temperatures calculated by Chen et al. [1978] (- -).
Figure 8. Electron cooling rates as a function of altitude in
the atmosphere of Venus, presented by Strangeway [1996]
(– – –), calculated using a formula of Strangeway (- - -),
calculated by the current model using the loss rates of
Morrison and Greene [1978] (-  -  -), and calculated by the
current model using the updated ICSs (—).
Figure 6. Measurements of electron density in the atmo-
sphere of Mars for Viking 1 observations (
), the maximum
(  ) and minimum (- - -) values measured by the Mars
Global Surveyor, and the fit (—) used in the current model.
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in Figure 8. These are lower (by one third) than those
calculated using the rates of Morrison and Greene [1978].
5.2. Cooling Rates for Mars
[36] In Figure 9, the electron cooling rates for the atmo-
sphere of Mars are shown, calculated using the loss rates of
Morrison and Greene [1978] and using the new cross
section set. Below 140 km the cooling rates calculated
with the new cross sections are substantially larger than
those based on the rates of Morrison and Greene [1978],
reaching a factor of almost 3 times larger at 100 km.
[37] The calculations with the new cross sections are
repeated for the minimum and maximum observed electron
densities [Martinis et al., 2003]. For the minimum electron
densities, the cooling rates are still substantially larger than
those using the previous loss rates. Hence the effect of using
the new cross section set leads to an increase in the
calculated cooling rate which is greater than is involved in
the day-to-day variation in the electron density.
[38] The uncertainty due to using the scaled excitation
functions of Allan [2001, 2002] for the (100), (001) and
(010) modes is investigated by increasing their values by
10%. (As the scaled functions were measured at 135, while
the cross section is expected to be larger at forward angles,
it is possible that the 4p-scaled values are underestimated.)
The 10% increase produces an 6% increase in the cooling
rate at low altitudes, indicating that the contribution of the
three modes is a substantial fraction of the total at low
electron temperatures. Hence it is desirable that ICSs be
measured for the three modes at low electron energies,
although these would be expected only to enhance the large
increase in cooling rates that we predict with the new cross
sections.
[39] This substantially greater electron cooling rate may
explain why observed neutral temperatures in the atmo-
sphere of Mars below 130 km are less than predicted in
modeling. In Figure 7, the measurements by Viking 1 [Nier
and McElroy, 1977] show neutral temperatures well below
those predicted in a model [Chen et al., 1978]. Also shown
are more recent temperature measurements by the SPICAM
UV spectrometer aboard Mars Express [Forget et al., 2007].
(These temperatures were presented as a function of pres-
sure and have been converted to a function of height here by
assuming a scale height of 11 km.) The SPICAM temper-
atures are consistent with the lowest Viking values and, in
the altitude range 90–140 km, are significantly less than
predicted in modeling for the conditions of the measure-
ments [Forget et al., 2007].
[40] As part of the energy in vibrationally excited CO2
will be emitted as infrared radiation and thus lost from the
atmosphere, a larger electron cooling rate should lead to a
lower overall temperature. Thus the higher electron energy
transfer rates found in this work may provide the extra
cooling component that is required to account for the
unexpectedly low neutral temperatures in the 100–130-km
region of the atmosphere of Mars.
6. Conclusions
[41] A set of integral cross sections for electron impact
vibrational excitation of CO2 is presented and corresponding
electron energy transfer rates are calculated. These rates
differ from previous ones, in that they give lower rates at
higher electron temperatures and higher rates at low temper-
atures. The effect of using the updated rates is investigated
for electron cooling in the atmospheres of Mars and Venus.
Emulation of previous calculations for Venus confirms the
validity of the current model. For Venus, application of the
updated transfer rates leads to a reduction of at least 30% in
the electron cooling. Applying the updated transfer rates to
the altitudes where the electron temperatures are very low
in the atmosphere of Mars, gives cooling rates that are
substantially larger (by a factor of 2–3) than given by using
the earlier transfer rates. It is suggested that inclusion of the
updated electron energy transfer rates in Martian atmo-
spheric models may enable them to predict the very low
neutral temperatures that are seen in observations at these
altitudes.
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